Aggregation of marine sponge cells (Microcionaprolafera) resembles stimulus-response coupling of higher organisms in which activation of protein kinase C and movements of intracellular Ca provide twin signals. We now report that activators of protein kinase C (phorbol esters) and ionomycin act synergistically to aggregate sponge cells. Surprisingly-since extracellular Ca is required for integrity of the species-specific aggregation factor-synergistic aggregation proceeded in the complete absence of added extracellular Ca (2.5-20 mM EDTA). Cao present either throughout the experiment or as briefly as 1-to 3-sec pulses; (iii) inhibition by Ca channel blockers, calmodulin antagonists, and nonsteroidal anti-inflammatory drugs; (iv) changes in the fluorescence ofcells preloaded with dyes designed to report mobilization of membrane-associated Ca, changes in membrane potential, and secretion from acid vacuoles; and, finally, (v) ultrastructural evidence of the secretion from intracellular vesicles of macromolecular material, which resembles the species-specific Microciona aggregation factor (MAF).
Phorbol esters and calcium ionophores act in synergy to mimic the stimulus-response coupling of mammalian cells elicited by physiological ligands (1) . Synergy, as shown in platelets (2) , adrenal medulla (3), pancreatic islets (4) , and neutrophils (5) , has been attributed to the parallel emission of twin signals. Nishizuka (1) has suggested that "protein phosphorylation by protein kinase C and the mobilization of Ca, both of which are evoked by a single extracellular messenger, are equally indispensable and synergistically effective for causing full physiological responses." Phorbol esters (the inflammatory and irritant principles of croton oil) function not only as tumor promoters, but as secretagogues in inflammatory cells (6, 7) . They increase the affinity for Ca of protein kinase C (8) , which also acts as a receptor for endogenous diacylglycerols (1, 9) formed by secretory cells in response to stimuli that result in the breakdown of inositol phospholipids (10) .
Synthetic analogues of diacylglycerols [e.g., 1-oleyl, 2-acetylglycerol (OAG)] also act in synergy with calcium ionophores to elicit stimulus-response coupling (i.e., secretion) from neutrophils and platelets (1, 11) . Whereas synergy between activators ofprotein kinase C and Ca ionophores has been demonstrated in a variety of mammalian cells, it has not been established that the "twin-signal" hypothesis is valid in lower species.
Sponges are the first-and oldest-of multicellular animals: marine species have been traced to the Proterozoic eon (109 years) (12) . The rapid reaggregation of dissociated marine sponge cells has been a classical model for cell-cell interactions and embryonic cell sorting since 1907 (13, 14) . We have reported (15) (16) (17) that the process resembles stimulus-secretion coupling in higher organisms with respect to the following events: (i) induction upon addition of extracellular Ca (Ca0) to Ca-depleted cells; (ii) stimulation by Ca ionophores (A23187, ionomycin, and leukotriene B4) with Cao present either throughout the experiment or as briefly as 1-to 3-sec pulses; (iii) inhibition by Ca channel blockers, calmodulin antagonists, and nonsteroidal anti-inflammatory drugs; (iv) changes in the fluorescence ofcells preloaded with dyes designed to report mobilization of membrane-associated Ca, changes in membrane potential, and secretion from acid vacuoles; and, finally, (v) ultrastructural evidence of the secretion from intracellular vesicles of macromolecular material, which resembles the species-specific Microciona aggregation factor (MAF).
We report that the rapid aggregation of marine sponge cells resembles stimulus-secretion coupling ofhigher organisms in several other aspects. Cao is not required for aggregation but is necessary for maximum aggregation. This (18) . In Table 1 OAG, another activator of protein kinase C, is shown to promote aggregation by Ca and ionomycin. Likewise urushiol (17) promoted aggregation, whereas PDC, its inactive analogue, did not; the sn-3 acyl chain of PDC is fully saturated, in contrast to urushiol (A8, 11, 14). B, each with its controls. Addition of agonist at 5 ALM was followed by 10 nM Ca at 3 min and then ionomycin after 5 min. Rate and extent of aggregation (% AT/min and % AT, respectively) are given as mean ± SEM. Different from paired controls (t test, *P < 0.01; tP < 0.05).
EC,5 for PMA was 500 nM, for PBt2 it was 500 nM, for POAc2 it was S AM, for phorbol and 4a-phorbol it was >15 jM. n, Number of samples.
Decrement of CTC Fluorescence Induced by Phorbol Esters and Related Compounds. Table 2 shows the rank order with which phorbol compounds enhanced the rate of decrease of CTC-fluorescence induced by Ca plus ionomycin. It is the same as the rank order with which they induced aggregation (Table 1) . OAG also accelerated the rate of decrease in CTC fluorescence. It was not possible to study the effects of urushiol in this system since 30 gM urushiol caused increases in the fluorescence of Ca plus CTC in free solution, perhaps by forming micellar lipid structures in which CTC fluorescence was enhanced. The same effect was observed with PDC at 30 ,M (experiments not shown).
PMA and Ionomycin Synergistically Enhance the Rate of CTC Fluorescence Decrease. Table 3 shows the results of 21 experiments with CTC-loaded sponge cells in which fluorescence was measured under the four following conditions: Ca alone, Ca plus ionomycin, Ca plus PMA, and Ca plus ionomycin plus PMA. Neither ionomycin nor PMA accelerated the rate of fluorescence decrease caused by Ca alone, but the two agents together increased the rate of change by 1.6-fold. Thus PMA and ionomycin acted in synergy to increase decrements in fluorescence of CTC-loaded cells, a process that leads to the redistribution of intracellular Ca (Ca,) (19) .
Aggregation is Provoked by PMA, Urushiol, and OAG in the Presence of Ionophore and Absence of Added Ca. We have shown that aggregation can proceed in media of low Ca activity if the cells are first prepared with brief pulses of Ca. (17, 20) . We now report that PMA, urushiol, and OAG promote aggregation in the absence of added Ca, provided an ionophore is present. In cell suspensions incubated for several hours in Ca/Mg-free seawater, 2.5 mM EDTA (Fig.  1) , none of the three agonists caused significant aggregation nor was aggregation elicited by 10 uM ionomycin without added Ca (Fig. 1) . Synergy is shown by the substantial effects of each of the three agonists after ionomycin (without Ca.).
Dependence of Aggregation on PMA Concentration Without Added Ca. Fig. 2 Concentration-Dependence of Aggregation on PMA, Urushiol, and OAG. Table 4 shows rates and extents of aggregation quantified from a number of experiments on cells pretreated with one of the three agonists then stimulated with ionomycin (no Ca added). The three agonists brought about (5 ,uM) or OAG (5 ,uM) were added, followed in 3 min by ionomycin (5 ,M). Then decreases in fluorescence (-AF) were recorded (excitation wavelength, 380 nm; emission wavelength, 580 nm) and are presented in arbitrary units/min as means ± SEM (for n -3) or ± range (for n = 2). Experiments were carried out as in Table 2 with 5 mM Ca, 5 AM ionomycin, and 1-5 AuM PMA. Ca plus ionomycin and Ca plus PMA did not differ from Ca alone; but Ca plus PMA plus ionomycin differed from all other conditions (P < 0.01, paired comparisons, t test).
*Mean ± SEM. n = 21. approximately the same extent of aggregation (PMA, 30% AT, n = 58; OAG, 25% AT, n = 43; urushiol, 31% AT, n = 12). However, the rate at which maximum aggregation was achieved with PMA (43% AT/min, n = 58) was twice that with QAG (14% AT/min) or urushiol (21% AT/min).
Effects of Ca Added After PMA. Fig. 3 shows aggregation of cells preincubated with PMA and stimulated by ionomycin. When Ca was added 6 min after the onset of aggregation, this was substantially increased. To determine if the additional, maximal aggregation was an effect of Ca acting intracellularly or externally, ionomycin was omitted from a paired sample of cells with PMA; no aggregation followed the addition of Ca. Thus PMA prepares cells for maximal stimulation when Ca is delivered intracellularly by ionomycin, not by Ca acting extracellularly. The robust effect found with PMA preincubation is not observed without Ca.: When excess EDTA (20 mM) was present, PMA prepared the cells for submaximal stimulation by ionomycin, presumably by redistribution of Ca1. As expected, further addition of 10 mM Ca had no effect. Without PMA, cells were not stimulated by 1 ,uM ionomycin followed by 10 mM Ca.
Inhibitors of Synergistic Aggregation Without Added Ca. Piroxicam (Table 5) , a nonsteroidal anti-inflammatory drug, and camidazolium, a potent inhibitor of calmodulin-dependent processes, inhibit aggregation of cells preincubated with the three agonists (plus ionomycin). Since Ca was not added, the sites of inhibition cannot require Ca4. Pertussis toxin was also tested for its effects on sponge cell aggregation. In contrast to piroxicam and calmidazolium, but in keeping with general experience, a long preincubation time was required-2-8 hr, =14°C, pertussis toxin at 20 ,g/ml in Ca/Mg-free seawater. Ca (10 mM), ionomycin (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) ,M), urushiol ,uM), and PMA (0.050-5 AM) were tested singly or in appropriate combinations in 13 experiments. In controls, mean aggregation was 9.8 ± 3.4% AT/min (rate) and 13 ± 2% AT (extent); in paired cuvettes with pertussis toxin, aggregation was 2.5 ± 0.7% AT/min and 5.1 ± 1.3% AT. Thus, with cells much less active than fresh cells owing to the long preincubation, pertussis toxin nevertheless inhibited aggregation by a factor of 3. 
DISCUSSION
Two major conclusions can be drawn from these data. The first pertains to the specifics of sponge cell aggregation, whereas the second is of more general interest with respect to stimulus-response coupling.
Marine sponge cells rapidly aggregate in the absence of added Ca when cells are treated with phorbol esters and ionomycin. But isolated MAF, the species-specific aggregation factor (a Mr 20 x 106 glycoprotein) dissociates irreversibly (14) to inactivate material of 2 x 105 Mr in media without Ca. Therefore, aggregation mediated by MAF-MAF interactions is unexpected in Ca/Mg-free seawater with 2.5 mM EDTA; indeed, MAF requires at least 1 mM Ca to maintain its integrity in solution (14) . In consequence, we must conclude either that aggregation is not mediated by MAF at all or that it is mediated by MAF secreted and displayed at the cell periphery at sites and/or in a form insensitive or inaccessible to EDTA. Evidence for the latter is the following: ( Table 1 . Ionomycin (10 ,uM) was added 3 min after the agonist. In no paired control (with ionomycin, no agonist, n = 71) was aggregation observed. At each concentration of agonist, rate and extent exceeded control (with P < 0.01).
(ii) Ca. presented as brief pulses of 1-3 sec, followed by excess EDTA, prepares cells for aggregation by added ionophore; therefore, MAF-MAF interactions of the sort that take place in solution cannot explain the MAF-MAF interactions of aggregation. (iii) Fragments of MAF, prepared by irreversible dissociation in 2.5 mM EDTA block aggregation, induced either by constant Cao or when Ca. was added as brief pulses (17, 20) . We assume that these nonaggregating fragments of the intact molecule have preemptively bound to MAF receptor sites or cell-associated MAF. (iv) We now show (Fig. 3) that aggregation elicited by synergy between PMA (50 nM) and ionomycin (1 ,uM) proceeds in the complete absence of Cak ([Caj << 100 ,uM) and does not require priming with Ca.. Thus, under conditions where Cao is insufficient for the MAF-MAF interactions in solution, PMA prepares cells for aggregation by ionophore. Presumably, PMA increases the affinity of protein kinase C for Ca, which must be derived from intracellular stores. When 10 mM Ca is added, Ca can then drive the reaction from either side of the plasmalemma. Since 10 mM Ca, added extracellularly in the absence of ionophore, did not stimulate aggregation of PMA prepared cells, Cak-dependent interactions of MAF-MAF are not critical for rapid aggregation.
Therefore, the first of our conclusions is that Ca. is unnecessary for rapid aggregation of sponge cells, a finding that contradicts the suggestion of Mueller (12) that "primary" or nonspecies specific aggregation requires the [Cao] to be >1 mM. It seems more probable that aggregation factors and Ca act as ligands in the general sequence of stimulus-secretion coupling that has been well appreciated in the cells of higher organisms (1, 10, 22) . MAF functions as both lectin and ligand, a conclusion that is supported by the inhibition of aggregation by nonsteroidal anti-inflammatory drugs and pertussis toxin.
Our second conclusion is that marine sponge cell aggregation involves the secretion of an aggregation-promoting molecule (presumably MAF) mediated by the synergistic activation ofprotein kinase C and the mobilization of Ca1. The evidence is as follows: (i) Cao and ionophores elicit aggregation of cells that secrete a macromolecular material resembling MAF from storage granules to the cell periphery (15, 17, 23) . (ii) Aggregation is associated with changes in the fluorescence of cells loaded with dyes designed to report changes in membrane potential (diS-C3-5) and secretion from acid compartments (9-aminoacridine), events common to ligand-mediated secretory processes (24, 25) . (iii) Aggregation is associated with movements of Ca:45Ca uptake and changes in the fluorescence of cells preloaded with chlortetracycline, which is designed to report mobilization of a membrane-associated Ca pool (17, 19) . (iv) Aggregation can be inhibited by calcium channel blockers (La3+ and verapamil), inhibitors of the Ca-calmodulin complex (calmidazolium), and nonsteroidal anti-inflammatory agents (aspirin, sodium salicylate, indomethacin, diclofenac, ibuprofen, and piroxicam) (15) (16) (17) . Each of these classes of inhibitors inhibits stimulus-secretion coupling of neutrophils (26, 27) . Moreover, the nonsteroidal anti-inflammatory drugs do not exert their efforts on the secretion sequence of sponge cells (or neutrophils) by inhibiting prostaglandin synthesis (27) Aliquots of dissociated cells were preincubated $ mm with an inhibitor, followed by an agonist, then ionomycin (10 pM, 3 min). Aggregation, quantified as to rate (% AT/min) and extent (9% AT), is presented as mean ± SEM for agonist and paired controls for agonist and inhibitor. n, Number of determinations.
in synergy with ionomycin of phorbol esters, the inactivity of the parent phorbols, and the dose at which the esters work (>5 nM) make it likely that they activate protein kinase C. Support for this hypothesis comes from experiments with OAG, the synthetic surrogate of endogenously derived diacylglycerols, which also activates protein kinase C (1, 2, 8) . The evidence for activation of protein kinase C is, as yet, indirect-extensive attempts to document the presence of a phorbol-stimulated protein kinase C activity in marine sponge cells (900 mosm media) have proved inconclusive. (vi) We again demonstrate that nonsteroidal anti-inflammatory drugs and calmidazolium inhibit sponge aggregation but now show that they act in the absence of Cao (1, 26 (28, 29) , sponge aggregation requires the continuous secretion of MAF (15) (16) (17) , which then acts as a ligand. In this system, MAF is, therefore, a lectin and a ligand, the latter aspect blocked by nonsteroidal anti-inflammatory drugs and pertussis toxin. Synergy between phorbol esters or QAGbut not the inert, parent phorbols-and ionomycin was also demonstrated for decrements in the fluorescence of cells preloaded with CTC. This observation suggests that aggregation elicits a redistribution of membrane-associated pools Nishizuka (1) has pointed out the structural similarities between diacyl glycerols and PMA: The long acyl chain of PMA, vicinal to an acetyl ester, resembles the 1,2 positions of OAG. Since acetylation of the meta-OH of urushiol (pentadecanoyl A8,11,14-catechol) would provide a similar grouping, it is not entirely unexpected that it displayed synergy with ionomycin (±Ca%). Perhaps the irritant principle of poison ivy, like that of croton oil, owes its noxious properties to activation of protein kinase C. Finally, these experiments document that cell aggregation, shown to be critical in some human diseases (30) , draws on mechanisms that were identified one billion years ago.
